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Carbon-carbon composite ion grid blanks measuring 20 cm on a side and 0. S-1.0
mm in thickness  were  fabricated from laminated pl ies  of  unidirect ional  carbon.
carbon tape. Plate flatness varied by less than 4 0,0S mm. The screen grid panels
a n d  t h e  acelerator/dece lerator grid  p a n e l s  w e r e  f o r m e d  f r o m  s i x  a n d  t w e l v e
laminated plies of unidirectional tape, respectively, No de laminat ion  of the plies
waso  observed following the processing procedures. M a t e r i a l s  proprties  of the
panels  are  superior  to  those obtained from carbon-carbon panels created from
fabric. To jncreasefinal  grid strength, the tape plies were oriented to minimize the
number of  f ibers  that  wi l l  be  cut  when the  ion extract ion holes  are  machined.
Several  methods were invest igated for  forming ion extract ion apertures  in the
carbon-carbon plates, Including electric  disc btirge machining, ultrasonic impact
grinding, laser machining, water jet etching, and sandblasting. only llDM  a n d
ultrasonic etching appear  feasible for machining high open area screen grids; both
techniques are costly. ltecent successes in mechanical machining of thin, dished
xraphite crids o r  u s e  o f  n o n - c i r c u l a r  h o l e  ticometrics may r e d u c e  t h e  c o s t  o f
nla~hining.’  the ion extraction apertures.

. .

‘1’here is  increasing interest  in
cicvcioping  propulsion sys(cmrs to enable
planclary  missions to t)c performed on smaller
launch vchiclc.s to rcducc COSLS. Ion propulsion
is a tcchno]ogy wi]ich can achicvc  the goal of
])crforming meaningful pianclary  cxi~ioration
missions with very smali launch vcbicics.  ] )2
Numerous mission analyses have shown (hat lhc
usc of ion i>ropulsion  significantly tmncfits
pianctary  exploration and iunar/Mars  piio[cd  anti
cargo  ],]jssjons.3-5

Wilil iimitcd  launch vchiclc  payioari
cIIvcioiJcs  an(i mass margins, il is aiso dcsirabic
io m inimizc  bolh the. voiurnc. and mass of ion
proi)uision  systc.ms. O n c  ai]proach to
accomplish ti~is is to mini rniz,c the number of
c.ngincs required to perform missions of in[crcsl.
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‘i’hc  ltumbcr  of engines required in an ion
proi~uision  sys[cm is (ictcrmincd  by the power
which can bc iwoccssc.d by cz~ch engine, an(i by
lhc usc.fal c.nginc  life. time. “1’0 minimize lhc
IIumbc.r of engines rcciuircd 10 perform a mission
there.fore ncccssitr+lcs  the dcvcJopn]cnt of engines
which operate at highc.r powc,r icvcis  an(f/or  for
iongcr  i)criods  of time.

~’hc i)crformancc  of an ion thruster
dci~cn(is cilicfiy  cm the design and pcrfonnancc of
the, ion cxlrac[ion  grids. ‘1’hc probicms  inherent
ill il]crcasing  tbc thrust density and totrii  lhrust  of
an ion c.nginc arc gri(i erosion and the.rmai
(i istorlion which changes the grid sci)aration
(iislanccs.  (iri(i erosion, duc to ion siwltcrirrg  of
the grid surfaces by disc}]argc charnbcr  or chargc-
cxchangc ions, bczomcs more scvcrc as the thrusl
(icnsity  incrcasc.s bccausc the ion flux 10 the gritis
incrcascs.  ‘1’hcrmal  distortion results from non-
uniform hc.sting of tiw grid cicchodcs  in the form
of ra(iial  and grid-to-grid tcmixxaturc  gra(iicnts.

‘1’cst (iata~  indicate that ion engine
oixxating  iifc.  is iimi[cd  by sputtc.r erosion of the
ac.c.c.lc.rater gri(i  by charge-c.xchangc ions. in this
tcsl, i)ils  were erode.d compictciy  through the
nmiyb(ic.nutn  acccicrator  gri(i  in icss than 895
hrs. Grid life in spat.c,-like conditions was
c.xtraimiatcd  [o bc in cxccss  of 11500 hrs~.
IIowcvcr,  more rcccnt  analyst.s conchrdcd that lhc



in-spacm  grid life was probably lCSS than or equal
to 000 hrs7. Dala from an cxlcn(tc(i  test of a 6-
kW argon ion engine rcccntly complckxi  al JP1,
[hat utilizcxi a negatively-biased dccclcralor  gr’id8
indicates thal grid life may bc significaally
incrc,ascd will] this tcdmiquc,  but the magnitude
of tbc rc(iuclion  in erosion in si]acc-like
comiilions  ilas  not been verified.

‘]’his  pai)cr  prcscn[,s  the preliminary
rcsuils  of an cxiwrimcntai  evaluation of carbon-
carbcm  composilc  panels fahricalc{i  f rom
unidircclionai  tape. ‘i’hc matcriais  propcrlics of
the. carbon-carbon panc]s  wiii bc prcscntcd an(i
c.omparcd  to mol ybdc,num. Plate fahrica(ion  and
hoic fabrication proccciurcs wili also tw ciiscusswd.

}’rcscntly, state-of-tile-ari grids arc
fabricated from mol ybdcnum sheets. Carbon-
carbon may bc superior to molybdenum for usc
as a grid male.riai9. The materials propcrlics of
carbon-carbon can bc rnodificci to Jmvidc a ncar-
zcro coc,fficicnl  of ti~crmai  expansion over a
tcmiwraturc  rarrgc of approxima(ciy  0-800 K.
‘1’ilis means that (be. grids may nol distort
timrmaiiy  as much as dished molyb(icnum  gri(is.
in a(i(iiton,  ilolc aiignmcnt  bclwccn tiic. scrccn,
acccicralor,  and dccclcrator grids may thc,rcforc bc
sui~c,rior,  resulting in higher thrust dcnsilics.
l:inaliy, based on sput(cr  yield data, a grid
fabricald  from carbon-carbon may M cxiwdc(i  to
wear at a rate, of 20% compared to
mol ylxicnum,  1 () asslln~ing  carbon-carbon crodc,s
a[ rates simialr to graphite.

Carbon-carbon composi(cs]  ] - ] 7, or
carbon fii~r reinforced carbon composites ((X),
arc. defined as struc[urcs  consisting of fibrous

. 14carbon SUbStralCs in a carbonac.cous  malrlx  .
Carbon-carbon cornpositc.s combine the desirable.
male.riais proi~crlics  of carbon and grapilitc.  witil
liw strcnglh  provided by wcavirrg carbon fibers
into an integral struclurc.  Additional slrcng(i)
an(i mc.chanicai  s(ahiiity is added when a matrix
of carbon is iacorporatcd  into lhc struclurc  by
]iquici imprcgna[ion  or chemical vapor infiltration
iwoccsscs.  Conventional CFC structures have
si~c.cific  strengths of approximalc,ty  70% of
rcfr:ic[or y supcrat  ioys at mocicmlc tc.mpcralu rcs.

onc  potc.nlial  limitation of carbon-
carbon for ion extraction grids is a lower flcxural
moduius compared to molybdenum. ‘1’o
ovcrcom  this it may bc nczcssary to irrcrc.asc the
ti~ickncss  of li~c gri(is  and rcducc tile grid-to-grid
si~acing. This rcsu]ts  in an incrcasc  in the
clczlric field  slrcss  bctwccn  liIc grids relative 10
moiybdcaum  panels. la addition, large numbers
of fibers arc cal wilcn  the ion cxtmction  holes arc
macilincd,  furii~ur  reducing the strc.ngth  of the
carbon-carbon panels. The holes thcmsclvcs  arc
inc.xiwnsivcly  macilincd  in molybdenum using
cilcmicai  c[ci~ing, but cos[ly  tcchniqacs  such as
clcclric  discilargc  machining (l{I>M)  may bc ruswi
to fabric.alc  ilolcs  in carbon-carbon.9
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PancJs 20 cm x 20 cm were fabricated
from unitiircclional  piics of IXrPont i355 carbon
fiber. ~’hc 1155 pitch-based carbon fibc.r was
sclcc.tcd  botil  bccausc  a supply of the. matcriai
was on hand, and bccausc cadicr tcsiing  of tilis
fiber showed that the modulus of elasticity of tile
fibc.r was rcadiiy incrcasc.d  by heat trcatmcmt  ui)
to a vaiuc of 140 MSi, wilich is the ti]corctical
maximum value for grapililc,

Carbon tapes were made by winding lhc
1;55 fiber witil  pilc[lo]ic  resin onto drums.
]nciividual  layers of tai>c were subscqucntiy
]aminatc.d  into preforms. The scrccn gri(i
preforms were lamina[cd from six layers oriented
[0/+60/-60/-60/+60/01, an[i lhc
accclcrat  or/ticccJcralor  dccci gri rt preforms were
lam inatcd from lwcivc layers oriented as two
m-cm gri(is  back to back, ‘1’hc tape plies were
ma(ic as thin as possible so tilat the layup wouki
bc. balanccxi  in or(icr to avoid distortion duc 10
processing s[rcsscs.  ‘i’ypical  scrccn grid panels
were 0.5 mm tilick,  and accelerator/(iccclcralor
panc]s  were  api>roximatc]y 1.0 mm li~ick.
1,an]ina[ion/cure was performed in an aulodavc.
‘i’iw carbon/pilcnolic  preforms were then
lmc.cssc4t into pancis using sc.vcrai carboni~alion,
grai)hiti?at  ion, and chemical vapor infiltration
(CV1) lcchniqucs.  A major conccrw  was Lilat the
panels woui(i dciaminatc  at the tcmpcra[urcs  uscxi
in (i)c processing, however, this did no[ occur,

At this time only preliminary
mechanical  tc,st dala arc avaiiablc  for ti]is
mamrial.  initial lcnsiic tcsl  data arc compared 10
data for woven cloth from Ref. 9:
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PrOpcrty Value, MPa
Woven lJnictircctimral

cloth tape

‘1’cmsilc  Strength: 119 310
l{ffcclivc IJibcr  Strength: - ??33
1  ‘ibcr Strcnglh  Efticicncy:  - O.(fin
‘1’cnsile  Modulus: 97,216 137,895
Ilf[cctivc.  F’iber Modulus: - 1,006,663
}Jibcr Mociulus  Ilfficicncy:  - 1.13*
I;lcxural  Modrrlus: 171,680 -

‘I”hc cffcctivc fiber strcng,ih and modulus
arc obtained by normalizing the composite
propcrlics by bolh the fiber volume and the
fraclion  of fibers in the tcsl direction. The
cfficicmcics  arc obtained by dividing the cffcclivc
fiber propcriics  by the propcriics  measured from a
sample of heal treated fiber. ‘t’hcsc  numbers arc
astcrtiskcd  bccausc there is currcnily  no data
available for E55 fiber heal treated to the
tcmpcralurcs  utilimt  in the processing. I’hc data
prcscntcd  is for 1+35 heat lrcatcd to 2200°C,
which has a slrcngh of 3,370 Mt’a (489 KS])
and a modulus of 8.89x105 M}>a (1?.9 MS]). No
data have been dclrcmi ncd yet for the ftcxural
mociulus for pane.ls fabricated from mid irtxtional
tape, i)owcvcr,  they arc cxpcctcd to be of lhc a
value simiiar  to the one for woven clolil.

Botil  strcngtil  and mo(iuius  efficiency
values arc quite good for CFC materials. q’hc
greater timn one cfficic.ncy  in modulus indicalcs  a
contribution from oricntc{i matrix carbon
surrounding the fiber. II also must bc noicd tilal
tiicsc  panels have fiber volume fractions of
aroun(i 40%. OjMinmnl fiber volume is tilought
to be around 60%, whicil wouhi  yicid propcriics
of around 448 MI’s (65 KS]) tcmsiic strcnglh  ami
2..07 x 105 M}’a (30 MS]) tcnsiic  modulus if the
same cfficic.ncics  were mainiaincd. Fiber volume
was low duc to difficulties in using the
c.quipmcnt  available for fabricating the tapes. 11
is cxpcclcd tilat commercially manufaclurc,d
pr-cprcg can bc fabricated with fiber volumes
approaching 60%, at incrcascd  cost.
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AitiIougiI  carbon-carbon does offer
potential advantages as an ion cmginc gri(i
mate.rial, such as a low cocfficicmt  of the.rmal

expansion (C’1’1i)9,  iow grid erosion, and
rclaiivcly  high slrc.ngh compared to other grid
matcriais, such as graphite for CXZinlplC.,
fd~ricating a hoic pa[tcrn into tile grid blanks
compatible witi~ ion optics design requirements
offers some chaiicngcs.  I“hc spccificd scrccn  grid
lmic pattern for tile carbon-carbon gri(is  consisls
of 1.9 mm (0.075”) diameter }1OICS spacc,(i 2.2
mm (0.087”) aparl (ccntcr-lo-ccntcr  hole), leaving
oniy a webbing ti]ickness  of 0.3 mm (0.012”)
bctwccn  tile  holes. q’hc calculated opcm area
fraction for this grid is 67%. Ovcr the rc~uircd 15
cm (6”) diameter grid area, tilis  corrcsJKmds to a
total of approximately 4300 holes pcr grid.
Rcquircmcnts  for tile accelerator and dccc.lcrator
grids arc lCSS scvcrc since hole diameters drop to
1.5 mm (0.059”) and 1.6 mm (0.063”), thus
rcxulting  in open area fractions of only 42% and
47.5%, rcspcctivcly. ‘1’olcranccs  for hole
place.mc.nt an(i diamclcr were f 0.05 mm (f
0.002”).

IL w a s  f o u n d  (iurirrg  e a r l i e r
irlvcstigations,9  however, lilat for hoic Ciiarnclcrs
IC.SS  than 2.5 mm diameter and open area
fractions larger than 50% mcci]anical  driiiing of
such a hole pattern is not feasible. Damage of
the webbing material at the exit side of tile tirill
was obscrvcd,9 initiated by mechanical pressure
from Li)c driii. 11 was aiso noted lhat fibers were
caugilt  in tile  drili and pulicd  out of tile  matrix
malcrial  surrourlding  the hole, lc.a(iing  to
breakage of Lim webbing material. Boldt anti
Chanani] 8 nolc. that in addition to fiber puti-oul
an(i surface. delamination bc.twccn  piics  of
composite matcriais  at the exit side of tire drill,
similar (iclamination  can also bc observed at the
cn[rancc,  side of tile  driii.  lntcrnal  [ic.lanlinatiotl
bctwccn  plies near the holes has also bccm
obsc.rvc.d.  ] 8 In addition, il was found that
graphite causes cxtrcmc wear on tile cutting tool
arl(i spc,ciai drill materials such as diamond or
tungstc.n  carbi(ic arc required. 18 ‘l”hc issue of wear
will bc. emphasize.d for the fabrication of ion
cmginc  grids due, tlm large number of holes
rc.quirc.d. IIoldt and Chanam“ ] 8 point oul tilat
when (iriiiing a 12.7 mm (0.5”) thick graphite,
cmnpositc  at a drii i speed of 0.040 mm pcr
rcvoiu[ion,  2800 revolutions pcr minulc,  only 40
quality Imlcs  couid bc driiic.d with one tool. I’hc
(irill was a spcciaily dc.sigrwi,  so caiic(i  “spa(ic
driii”  wi[il  a carbide tip.

llccausc  of these. problems cncounlcrcii
wilil  convcntionat, mechanical driliing
tccimiqucs,  other op[imrs  have been invcstigalcd.
Garnc.r and Brophy9  rcporlcd ti]at using electric

3



discharge machining (EDM) cxccllcnt  hole
quality could bc obwincd. All holes on the
drilling sample were of a very high, uniform
quality with sharp edges and no rncasurablc  taper
of the lmlc walls. Surfac.c  roughness fcatrrrcs  of
lhc hole walls were estimated at ~0.01 mm or
hxs. Unfor[unatcly, electric discharge machining
is relatively costly, Dcpcndirrg on the
manuftrchrrcr,  the price pcr hole range bctwccn $
0.80 and $0.90. Ciivcn lhc large number of hole.s
required for the grid design, a search for chcapcr
allcrna[ivcs  was conducted. Among the hole
drilling [cchniqucs  explored were ultrasonic
grinding, laser drilling, watcrjcl etching and
,sawiblasling.  RCSL1lLS obtained with these various
mclhods  will bc discussed next.

IJuring ultrasonic impacl grinding,
ultrasonic vibrations arc transferred to a cutting
tool. ] 9J20 ‘l”hc mechanical vibrations of h tool
arc gcncralcd using a transducer operating
])iczoclcctrically  or based on magnc[ic  induction,
cxcilcd  by a high frequency clcclronic  signal
~cncrator.19 ‘1’hcsc  acoustic vibrations arc lhcn
transfer-red through a metal 1001 holdc.r (the so
called “horn”) to the tool. ] 9 By introducing an
abrasive slurry to the con[act surface bctwccn
CU[[ ing LOOI and the workpiccc,  the tool can grind
itself into lhc malcrial,  producing a CU1 whose
shape is an cxacl counterpart of lhc shape of lhc
tool  used, Vibmlions of the tool tyJ)ically  occur
al a frequency of 20 kllz,  with su-okc amJ)litudcs
of a fcw hundredths of a millimeter. 19

Ullrascmic impact grinding is thcrcforc
non-thermal, non-chemical and non-clcc[ric.al
process. As a result, hole qualities obtaincxi with
this tcchniquc arc cxccllcni and rival those
achicvcd with lhc IiDM mclhod.  Scanning
lilcctron  M i c r o s c o p e  (SEM) scans of
ullrasonicaJiy  drilled hoJcs into a 1 mm (0.040”)
thick carbon-carbon .sarnplc arc shown in JJigurcs
1 through 4. Figures 1 and 2 reveal that tbcrc is
no diffc,rcncc bciwccn hole, characteristics at the.
cmtrancc  and cxil sides of the hole. Ulkasonical]y
machine.d holes arc cbaractcrizcd  by straight,
smoo[h  walls showing WC.11 defined, sharp edge.s.
No breakage of the webbing material was
observed even for an open area f ract ion of 67%
anti a hole diameter of 1,9 mm (0.075”). }~igurc 4
also illustrates the facl that uJlrasonically  drilled
holes have no taper. Visible on F~ig,  4, however,
as WCII as on Fig. 3 which shows a CJOSC-UI) of
the hole waJl arc short fiber scgmcn[s lhal cxlcnd
from the wall surface into the hole. T’hc hole.

shown in Figure 1 lhrough  3 is a worst case in
this rcgar(i and the number of fiber scgmcJIts
visihlc in other holes of the sample was
significantly Jcss.  }~ibcr segment lengths can bc
cstima[cd  from the phonographs as <0,1 mm. 1 L
is bciicvc.d  that these fiber scgmcnls  will not
pose a Ihrcat to proper grid opcralion  as tbcy wiii
likely bc eroded comp]clcly  soon af[cr initiating
lbruslcr firing. Unforlunatcly,  however ,
ultrasonic impact  grinding is also a fairly
cxpcnsivc way of fabricating ion engine grids. As
for EDM, costs for this method ranged around
$0.80 pcr bole.

‘1’wo intcrcsling  fcmlurcs can furlbcr bc
noted on F@ 4 and 5, In Fig. 4, the fiber
sc.gmc. nts which arc oricnlc(i  in two primary
dircclions,  at an angtc  of 45° with rcspccl  [o caci~
oliwr can bc sc.cn. ‘1’his  is a rcsuh of the lhrcc
JJI ic. carbon-carbon J)anc] used in timsc.  LCS[S (as
ol}posc.(i  10 the unidirectional panels discussc{i
car] icr). };ibcrs arc oriented at 00, 45° an(i 90° in
Illc thrcz, rc.spcclivc  plic.s. In I;igurc  5, a close-up
of lbc  c.(igc of an uJlrasonicaiiy  driiicd hole is
shown. A crack can bc seen in the ma[rix
nmlc.rial,  exposing fiber bundics  woven in the
900 Jdanc. weave patlcrn  used for this pane], I“his
crack was not cause.d by the ultrasonic driliing
tczilniquc,  bu[ is a remnant of the manufacturing
process of the panels. I)urirrg carbonization of
the fiber-rc.sin matrix, the rcsill  forl[is
microcracks  bccausc  of weight loss an(i
(ic.r~sification.21 ‘1’his microcracking  is the reason
why “recycling” of the composite in the
nmnufaciuring  process (i.e. rcpca(cd  resin or pi[ch
rcil]]l)rc.gllatioT]  and carbonization cycles) and
chemical valmr infiltration (CX]) Jwocc,sscs  using
hydrocarbon gases arc ncccssary.9~2 I

Law Drillhuz

lhring  laser drilling, a laser bc.am is
fcxamc~i  on!o the carbon-carbon sample an(i a hole
is “burnc,(i$’  into the material. This interaction is
a thermal process, since liIc malcriai  absorbs a
fraction of the incident laser light, locaJly
increasing tbc matcriat tcmpcraturc  until matcriai
is mcl[cd, vaporized and chemically
(ic.con]poscd.22  10 or(icr  to remove the rnatcrial
from the cul, a gas Stream, aligned Coaxiat  iy with
the laser beam, is dircctcd onto the drilling site.
This gas slrcam also serves 10 protect the
focusing lens for the laser from debris leaving the
drill ing site and 10 remove vapor OU1 of lhc laser
JMilh Ibat might bJock the laser light.22 Selection
of lhc proper culling gas is made empirically and
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frcqucn(ly  used gases arc air, ox cn, and helium,
Has WCII as other incrl gases.22$ - I’hc laser used

for the tests conguctc.d in this study was a 1500
W C02, laser.23 C02 lasers crnil in the infrared
at 1.06 x 1~ nm. In order to produce sufficic.[lt
power densities to cut composilc  ma[crials,  lasers
have to bc focused onto  the material. A 1500 W
C02, laser may bc focused into a circle of 0.15
mm in diamctcr22,  resulting in a local power
density up to 1.0 x 10]] W/m2, Due. to the kcrf,
i.e. the. wi(ith of [hc actual cut made by the laser,
lolcranccs arc limited 100.05 mm (0.002’’)22 and
lhus  barely wilhin the limits required for the ion
optics design considered here.

RCSUILS  obtained from the laser drilling
lcchniquc arc shown in Figs 6 lhrough 10.
lJigurcs6and7  show thccmtrancc  andcxilsidc
of the lascrrlrillcd hole, rcspcc[ivcly.  As can lx.
sccn, thcholc hasa  s[rong taper. ‘1’hcrcason  for
this taJ)cr  can bc cxplainc.d  by the thermal
illtcraclion  of the laser beam with lhc, carbon-
carbon malcrial. Graphite fibers arc good thermal
conductors,22  Asarcsult,  heat gc.ncra[cdhy  [hc
impinging 1 asc.r beam is cond uctcd away f mm the.
drilling si[c laterally, causing mch down of the.
rn[i[crial  in the immediate area surrounding the.
hole, lc.adirrg  to the “crater-like” shape of the hole
as shown in Fig. 6. l“;igurc 8 shows the wall
slruclurc of the hole. “Streaks” running the
lcmglh of the hole indicate that wall ma[crial
scmns  to have flown down into the hole during
the. mclling process forming the hole, The sarnc
process might  have also lcd to the “spilling” of
molten material over the edge of the cxi[ side of
the. hole, as shown in l;ig. 7. An cxtrcmc close-
up of the hole wall is shown in Fig, 9, depicting
fiber scgmc.nts extending beyond the wall surface,
th:i( have been fused by the cxtrcmc  heat invo]vcd
in the laser drilling process. I~inally,  Pig. 10
shows a view of the cntrancc  side of the ho]c,
from a direction vcr[ical to the carbon-carbon
sample. As can bc seen on this figure, the hole is
nol pcrfcc[ly  round as was the case for IiDM’cd
or ultrasonically drilled ho]cs.

In addilion  to poor hole quality, lhc.
lhc.rmal  interaction of the laser beam with the
carbon-carbon rnatcrial also appeared 10 have a
ncga[ivc  impact on the structural rigidity of the
matrix material bctwccn the holes. Upon
inspection of the. laser-drilled sample it was rmtcd
that  [hc wc.bbing  maicrial  had bccomc bri[tlc and
thal the sample could bc broken fairly easily.
Although not fully conclusive at this point, it
seems possib]c  that due. to hcai conduction along
the fihcrs  away from the holes, dmrmal stresses

might have been introduced to the webbing
material that caused dclamina[ion  bctwccn  matrix
and fiber Inatcrial  or internal delamination
bctwccm different plies. Finally, it was noted that
the Iasc.r drilling procc.ss  left a layer of soot on
lhc wc.bbing  malcrial  surrounding the cntrancc
side of the hole. Aclual  grid fabrication would
most likely require a cleaning process prior to
using the grids in order to improve breakdown
rcsi stance.

Costs pcr hole for the laser drilling
approach arc lCSS than for EDM and ultrasonic
drilling and estimates range around $0.40 pcr
hole, however, rcsuhs obtained with the laser
drilling approach were not very encouraging in
view of ils application for ion grid fabrication, It
should bc noted, however, that there sc.cms to
exist a great diffcrcncc  in product quality  for the
laser drilling approach depending on the, vendor
so that rcsul[s  obtained in this s(udy might  have
10 bc rc.viewed in the fu[urc.

IJuring walcrjc.t  etching, a fine, high
]wcssurc, high vclocily  water jet is dircctcd at the
workI)iccc.  I“ypical wale.r pressure.s are. 400 MPa
at flow rates of 4 10 8 1 ,/min.24 Somclilncs
abrasives arc addc.d w the watcrjct  to incrcasc  its
cutting abili[y.24 Culling is achicvcd  by crosiorr
and shc.ar proccsscs  and the eroded material is
thcm carried away from the drilling silt by the
water.24 Wa[crjc[  c,lching  rcsulls  arc shown in
};igs  11 through 13. No abrasive was used in
these tcsts2S.  Water pressures of 12 and 48 ksi
were uscd25 with  the Photographs showing the.
results of lhc low pressure tcs[s.  The waler jet
vc,locity  was approximately Mach 3, rcsrrlling  in
a cut[ing speed of 15 cm/min25. As can clearly
bc sc.cn on these SIiM scans, hole quality is
c,xtrcmc.ly  poor. I’hc malrix malcrial  i s
complc.[cl y dcslroycd  in the, immcd iatc area
surrounding lhc. hole.

These. c. ffccls  arc lypical  for a watcrjct
c.tching. Koricar~24  note.s lhat dc.larnination  of
colnpositcs  is noted primarily at localions
surrounding initial pcnclration  of the workpiccc
by tllc walcrjct. l’hc problcm  is commonly
circumvc.ntcd  by placing the location of inilial
penetration away from lhc desired CU1 of the
workpiccc and lhcn guiding the jet towards the
CU1.24 In the case of drilling small diamc,tcr holes
as rc,quirc.d for grid fabrication this tcclmiquc  is
not applicable. Every hole drilled rcprc.scnls  a
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location of initial penetration, leading to the. kind
of destruction of lhc matrix material as shown in
IJigs 11 through 13. P’igurc 13 atso reveals [hat
hole shapes arc not nearly as circular as those
obtainc.d  with the IiDM and ultrasonic drilling
nmlhod,

arw of diamctm 1 S cm. Tcs(s  indicate lhal lhc
panels have a negative CTE up 10 approximatc]y
900 K; above this lcmpcraturc  the CTE is
CXPCCW41 to have a positive value. tha( incrcascs
slowly wilh irrcrcasirrg tcmpcraturc.

Hccausc  of the extraordinary poor hole
qualily,  watcrjct etching was not consi(im-c(i as a
serious alternative for the Fabrication of c.arbon-
carbon comJ)ositc grids, and, thus, no cost
cstirnatcs  were obtained for this method.

saIldmQhw

Preliminary atlcmpts were made to
investigate. the tcchniquc.  of sandblasting for the
fabrication of car-bon-carbon grids. During
sandblasting, sand particles of a spccificd grit si~.c.
arc being introduced to a high velocity,
comprcssc.d  air slrcam and cjc,ctcd  through a
nOZY,lC2~. In this sense, sandblasting is a mctho(i
vc,ry similar to ahrasivc watcrjc[  etching were the
carrier medium water has Imm rcplaccd by air.
‘1’hc sand/air mixture then impinges on the
workpiczc.  and the high vclocily,  sharp cxigcd sand
partic]cs erode and shear the workpicc.c material,
which is subsequently carried away in the air
stream. Although initial estimates indicated that
this  method is very COSI cf fc.ct ivc (cs[i mated at
roughly $0.20 pcr hole), hole quality is poor.
}ivcm inspection of the holes wilt]  the bare cyc
rc.vcalcd a significant taper 10 Lhc holes.
]ncrc.asing  air pressure, and, thus, sJ)ccd and
moving the nozy,tc closer to the workpiccc  migh[
have rc.sultcd  in a rwiuccd taper.26 IIowcvcr,  the
only manofacturcr  specialized in sandblasting
ho]cs of the size required for ion engine grids that
could bc located did not have c,quipmcrrt  large
enough 10 facil  itatc the fabrication of an cnlirc,
15 cm grid.26  I’hcrcforc lhis method was not
investigated any further.

l~lal  plates for ion oplics  were fabrica[cd
from carbon-carbon composites using a pitch-
bascd fiber will)  a high tc.nsilc  modulus in the
p]anc of the optics. Panels were fabrica[c.d from
lamina(cd  plies of unidirectional tape oric.ntc.d  to
rcducc the uumbcr of fibers which will bc. cut
whcJI lk km c.xtraclion  holes arc machined. ~’hc
p]atcs were fiat to within  2. 0.05 mm over an

Since conventional, mechanical drilling
tc.chniqucs  arc not suilablc  for the fabrication of
carbon-carbon ion crrginc  grids duc to breakage, of
the workpiccc,  an investigation of rnorc advanced
drilling tcctmiquc.s  was undcrlakcn.  IiDM,
ultrasonic impact grinding, laser drilling, walcrjcl
ciching  and sandblasting mclhods  have been
studied. only lhc EDM and ultrasonic drilling
approach appear feasible for the machining of
carbon-carbon grids. Roth  techniques have costs
ranging from roughly $0.70 LO $0.90 pcr hole.
Cheaper drilling techniques could bc identified,
however, only al the cxpcnsc  of significantly
lower hotc quality.

An approach utilizing the high qualily
provided by the I1lJM and ultrasonic lczhniqucs,
ycl avoiding their high COSLS, was rcccnlly
suggc.stcd  by onc of the aulhors.27 ‘l”hc, I lDM and
the, ultrasonic grinding lcchnique.  can produce
almost  any hole shape by shaping the clcclrodc
or cutling  tool accordingly. Rcclangular  shaped
holes could provide the, same opcJl area fraction
as circular holes while, requiring fewer holes pcr
gri(i  and al lowing for  larger wcbbirrg
ihickncsscs.27  Since, costs pcr hole csscn[ially
remain unchanged, a cost rc.duclion of ncady 7590
could bc obtained 10 EDM a 1 S-cm grid using
rcctangalar holes versus grids using circular hole
pa[icrns.28 A photograph of a (trilling samp]c
into carbon carbon using 1.9mm x 6.35 mm
(0.075” x 0.250”) holes is shown in Iiig.  14.
“J’his  hole gc.omclry would require only 1100
tm]cs  to Jwovidc. the same open area fraclion  of
67% for the 15 cm scrccn grid as the pattern
consisting of 4300, 1.9 mm (0.075”) diamclcr
circular holes. Webbing thickness in lhc case
shown in l~ig. 14 is 0.56 mm (0.022”) at its
narrowcsl location. If smaller webbing
thicknesses can bc lolc.ralcd lhc.rr open area
f r a c t i o n s  coutd bc incrcascd  furlhcr  a n d
pc.rformancc.  of lhc ion thruster improved. OIIC.
issue of concern is the variation of plasma
propcrlics  across lhc hole ]cnglh which might
have a negative impact o n  bcarntcl
charac(c.rislics.  Research cfforls arc ncccssary 10
fu]] y cva] ualc. the Usefulness and fcasibi]il  y of
using rczlangular hole patlcrns for carbo-carbon
gri{is.  Rc.cc.rIt  succcsscs  in mechanical machining
of lhin,  dishcfi  graphilc.  grids may also bc appliwi
to the fabrication of carbon-carbon panels and
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possibly rcducc lhc cosl of machining lhc ion
cxiraclion  apcrlurcs.
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